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Abstract 
We demonstrate the application of ‘top-down’ fabricated Si nanochannel field effect transistor biosensors in measuring the 
configuration of charged proteins immobilized on the Si surface. We have immobilized monoclonal antibodies of PSA (anti-
PSA) on the p-type Si channel surface, and monitored the channel conductance in response to the variation of ionic strength (salt 
concentration) and pH level of the buffer solution. The dependency of channel conductance on the salt concentration is consistent 
with the screening of protein charges by dissolved counterions, enabling quantitative estimation of the distance from the Si 
surface to anti-PSA molecules based on calculated Debye screening lengths (λD) for each salt concentration. The effect of salt 
concentration on the pH-dependency of channel conductance has also been studied, and explained in terms of the net charge of 
anti-PSA as a function of pH. 
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1. Introduction 
Most previous reports of FET-type biosensors have been focused on the detection of charged target molecules, 
which specifically bind to receptor molecules already immobilized on the channel surface [1,2].  In the present work, 
we have investigated the possibility of using the FET-type biosensor platform for analyzing the configuration or 
charging properties of surface-immobilized molecules themselves. We have fabricated Si nanochannel FET 
biosensors by ‘top-down’ processes, and immobilized monoclonal antibodies of PSA (anti-PSA) on the channel 
surface at a high density.  By characterizing the channel conductance in response to the variation of the salt 
concentration, we have confirmed that the distance from the channel surface to anti-PSA molecules can be 
quantitatively estimated, based on Debye screening lengths (λD) calculated for each salt concentration.  In addition, 
we have observed that the pH-dependency of channel conductance shows a clear transition around a certain pH level, 
which may provide a simple way to determine the isoelectric point (pI) of surface-immobilized proteins 
experimentally.  
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2. Experimental 
2.1. Fabrication of Si nanochannel FET sensors 
Si nanochannel FET biosensors were fabricated from 8-inch SOI substrates with an initial 100-nm-thick top 
silicon layer (p-type doped, 8.5-22 Ω·cm).  The initial top Si layer was thinned down to 40 nm by multiple dry 
oxidation and wet etching cycles, and then implanted with 1e13 cm-2 of boron ions at 8 keV to form a p-type 
channel layer.  After activating the implanted boron atoms at 950 °C for 30 min, the 100 to 200-nm-wide and 2 to 
20-µm-long Si nanochannels and Si leads were defined by optical lithography using a KrF scanner and dry etching 
techniques.  The regions of Si leads were then additionally implanted with 2e15 cm-2 of boron ions and rapid 
thermal annealed at 950 °C for 30 s, to obtain good ohmic contacts between the Si leads and metal electrodes.  
Finally, the metal electrode was formed as a stack of Au/Cr/Al (50 nm/5 nm/50 nm), followed by annealing at 
400 °C for 30 min. 
2.2. Immobilization of anti-PSA on Si nanochannel surface 
The Si surface was modified with anti-PSA molecules through covalent linkage.  First, the surface of Si 
nanochannels was activated with hydroxyl (-OH) groups by low-power oxygen plasma treatment (50 W, 5 min), and 
then exposed to 1 % ethanol solution of 3-aminopropyltriethoxysilane (APTES) for 30 min to induce amine-
functionalization.  After multiple rinsing by ethanol, the device was dried by nitrogen gas and baked at 120 °C for 
10 min.  Then, the amine-functionalized Si nanochannels were immersed in a 25 wt% glutaraldehyde aqueous 
solution for 4 h, followed by rinsing with de-ionized water.  During the reaction with glutaraldehyde the amine-
modified Si surface is functionalized with aldehyde groups, which can easily react with the amine groups of L-lysine 
in anti-PSA.  Finally, the immobilization of anti-PSA was achieved by exposing the aldehyde-functionalized Si 
surface to 120 µg/ml anti-PSA, and then the unreacted surface aldehyde was blocked with 1 % bovine serum 
albumin (BSA) in 1xPBS solution for 30 min. 
2.3. Electrical measurements of channel response 
Electrical measurements of the channel current were made in real time by ac lock-in technique, with a 
modulation frequency of 79 Hz and voltage amplitude of 20 mV.  The current vs. time data were recorded while the 
buffer solution was supplied through a polydimethylsiloxane (PDMS) microfluidic channel at a flow rate of 
50 µL/min. For investigating the salt concentration and pH effects, 0.1 to 100 mM buffer solutions (x mM buffer 
solution = x mM phosphate + 2x mM NaCl) with varying pH values (pH=5.0 to 10.0) were used.  
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Fig. 1. (a) Schematic of Si nanochannel FET biosensor fabricated on silicon-on-insulator (SOI) substrate; (b) Atomic force 
microscope (AFM) image of the Si channel surface after the immobilization of anti-PSA (average height of anti-PSA ~8 nm). 
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 3. Results and discussion 
Figure 1(a) shows the schematic of a Si FET biosensor fabricated on the silicon-on-insulator substrate. As 
described in our earlier work [1], the 40-nm-high Si nanochannels (p~8e17cm-3) were formed by ‘top-down’ 
technology with the channel width ranging from 130 to 300nm. The anti-PSA molecules (average height~8 nm) 
were immobilized at a high density on the Si surface by covalent linkage through an aldehyde molecular layer 
(thickness~1.2 nm), as confirmed by the atomic force microscope (AFM) image in Fig. 1(b). 
In Fig. 2(a), the channel current versus time data are shown for pH 6.0 and 10.0, as the buffer concentration 
varies between 0.1 and 1 mM. At pH 10.0, above the pI of anti-PSA (8.0~9.5), the channel current is lower in the 1 
mM buffer in accordance with the screening of negative charges by dissolved counterions [2]. At pH 6.0, the 
channel current varies in an opposite manner because the anti-PSA is positively charged. As shown in Fig. 3, the 
calculated λD in 0.1 and 1 mM buffer solution is ~14.5 and ~4.6 nm, respectively [3], where the majority of the 
protein charge is unscreened so that the Si nanochannel can detect the change in surface charges with varying λD. 
However, above the salt concentration of 10 mM (λD ~1.5 nm), the channel conductance remains nearly constant 
(Fig. 2(b)), implying that most of the protein charge is already screened at this range as illustrated in Fig. 3. 
Considering the average height of anti-PSAs (~8 nm) and the thickness of aldehyde linkers (~1.2 nm), we can 
conclude that the charge screening effect measured by Si FET biosensors provides a good estimation of the distance 
from the Si surface to the immobilized anti-PSA. 
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Fig. 2. Si FET biosensor response to (a) varying buffer concentrations (0.1 and 1 mM) at pH 6.0 (purple) and 10.0 (olive), and (b) 
varying buffer concentrations (from 0.1 to 100 mM) at pH 6.0. The channel dimension is 5 µm (length)/180 nm (width). 
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Fig. 3. Schematic of Debye screening length (λD) from the channel surface as a function of the buffer concentration ranging from 
0.1 to 100 mM. 
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 On the other hand, the buffer concentration also affects the pH-dependency of channel conductance. In the 10 
mM buffer solution where most of the protein charge is screened, the channel current gradually increases with the 
pH value, indicating the deprotonation of small functional groups closer to the Si surface than the anti-PSA (Fig. 4). 
However, in the 0.1 mM buffer solution where the total charge near the Si surface thought to be dominated by large 
proteins, the channel current is insensitive to the pH value between pH 7 and 8. Such observations indicate that the 
pI value of anti-PSA lies between pH 7 and 8. 
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Fig. 4. Si FET biosensor response to varying pH levels (from 5.0 to 8.0) in 0.1 mM (purple) and 10 mM (olive) buffer solutions.  
The channel dimension is 5 µm (length)/180 nm (width). 
4. Conclusion 
With anti-PSA molecules immobilized on the Si nanochannel surface, the channel conductance changed in 
response to the variation of ionic strength and pH of the buffer solution. The dependency of channel conductance on 
the salt concentration was well consistent with the screening of protein charges by dissolved counterions, enabling 
quantitative estimation of the distance from the Si surface to anti-PSA molecules. From the pH-dependency of 
channel conductance, the net charge of anti-PSA could be analyzed as a function of pH, from which the pI value of 
anti-PSA could also be estimated. Such results demonstrate that the Si nanochannel FET biosensor can also be 
utilized as a platform for measuring the configuration and charge of biomolecules bound to the channel surface. 
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